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A cute kidney injury (AKI) is a significant public health problem 1, 2 and is common in surgical patients of all types. 3, 4 AKI occurring after surgery is associated with short-term morbidity, an increased risk of de novo or progressive chronic kidney disease, and adverse cardiovascular events and it also decreases hospital survival rates and increases hospital costs. [5] [6] [7] [8] [9] [10] Surgical inpatients, particularly those with comorbid disease and those undergoing complex procedures, are at increased risk for developing AKI. 5, 7, 11 Patients who develop AKI in the postoperative period are at high risk for fluid overload, infection (surgical site, pulmonary and urinary tract), and other complications that may directly affect outcome after surgery. 3, 4, 12 In comparison with other risk factors for AKI (e.g., sepsis and nephrotoxic antibiotics), complex surgical procedures expose patients to a combination of pathophysiologic processes, including inflammation, oxidative stress, iron and heme proteins, tissue injury, blood product transfusion, and hemodynamic instability. [13] [14] [15] [16] [17] [18] Although recent international Kidney Disease Improving Global Outcomes (KDIGO) guidelines have further advanced consensus regarding uniform diagnostic criteria and preventive strategies for AKI, 19 the inability to identify AKI early at a potentially reversible stage is still the rate-limiting step. 1, 20 Traditional biomarkers and physiologic indicators such as serum creatinine and urine output are understood to be late and nonspecific markers of renal dysfunction-yet in the absence of better alternatives, they are in widespread clinical use. 21 Even with the new KDIGO guidelines, the impact of AKI on surgical outcomes is still not fully recognized, as demonstrated by a recent study showing the underestimation of risk associated with AKI in postoperative patients. 3 Surgical patients represent a unique population for early AKI risk stratification because of the presence of readily modifiable risk factors (e.g., fluid type and amount, blood product administration, hemodynamic management). However, the etiologic differences in surgical AKI patients when compared with their nonsurgical peers mean that it is important to demonstrate that novel biomarkers of AKI risk perform in a useful and robust fashion in patients whose main risk for AKI is their surgical procedure and its attendant management. Accordingly, we conducted a preplanned analysis of surgical patients using data from two multicenter clinical studies that successfully identified intensive care unit (ICU) patients at risk for developing AKI within the ensuing 12 hours of biomarker assessment. 22, 23 Our goal for this new analysis was to test the hypothesis that the TIMP2•IGFBP7 test would correctly identify a broad range of critically ill surgical patients at high risk for developing AKI.
PATIENTS AND METHODS

Study Design
This was a preplanned subgroup analysis of critically ill surgical patients enrolled in either of our two previously reported studies in which the discovery (Sapphire) 23 and subsequent validation (Topaz) 22 of TIMP2•IGFBP7 were performed. Surgical patients were further categorized as either cardiothoracic or noncardiothoracic because of known differential risk factors, for example, use of cardiopulmonary bypass. 24 All patients were deemed at high risk for AKI, characterized as those with respiratory or cardiovascular dysfunction, as previously reported (Fig. 1) . 22, 23 The design, execution, and reporting of this study meet the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 25 and the Standards for Reporting of Diagnostic Accuracy (STARD) 26 criteria. Data were collected by the investigators and analyzed by external statisticians. Both study protocols were approved by the Western Institutional Review Board (Olympia, Washington) and also by the institutional review board or ethics committee of each study site if required. All patients provided written informed consent. In this article, we present data from the Sapphire study, which defined AKI as KDIGO stages 2 to 3, and from the Topaz study, which used clinical adjudication for AKI, to examine the performance of the TIMP2•IGFBP7 test for risk assessment of AKI in surgical patients. Although these biomarkers have previously been shown to have excellent ability to identify the risk of AKI in an unselected group of acutely ill adult ICU patients, 23 their performance in a broad range of surgical patients has not been previously described. Given the likely etiologic differences in surgical and medical AKI and the biologic nature of these markers (indicators of cellular stress), this is an important issue that needs to be addressed before the test can be included in clinical decision making for these patients.
Biomarker Assays
Urine samples were analyzed for TIMP-2 and IGFBP7 using a clinical immunoassay (NephroCheck Test and Astute140 Meter; Astute Medical Inc., San Diego, CA) by technicians who were unaware of the clinical data. The Astute140 Meter automatically multiplies the concentrations of the two biomarkers together and divides this product by 1,000 to report a single numeric test result with units of (ng/mL) 2 /1,000 (the units for all TIMP2•IGFBP7 values in this report). Each sample was tested once for TIMP2•IGFBP7 in the Sapphire study and three times in the Topaz study. The single value from Sapphire and the median of the three replicates in Topaz were used for analysis.
Statistical Analysis
The primary objective was to evaluate the ability of urinary TIMP2•IGFBP7 to identify critically ill surgical patients who went on to develop moderate or severe AKI in the immediate 12 hours after measurement. Ability to predict this event (i.e., development of moderate or severe AKI) was assessed using the area under the receiver operating characteristic curve (AUC-ROC) for urinary TIMP2•IGFBP7. As a secondary analysis, we used integrated discrimination improvement (IDI), category-free (continuous) net reclassification improvement (cfNRI), and change in AUC-ROC to investigate the improvement in the prediction of the primary end point resulting from the addition of the TIMP2•IGFBP7 data to a clinical model. 27 Variables from Table 1 that were associated with the end point (p < 0.1) were selected for inclusion in the clinical model, which was then analyzed using multivariate logistic regression. Logistic regression analyses used the logarithmic transformed and standardized serum creatinine and TIMP2•IGFBP7 test results from time-paired blood and urine samples, respectively, collected at the time of enrollment. All continuous variables in the clinical models were standardized by subtracting the mean and then dividing by twice the standard deviation for their coefficients to be comparable to the coefficients of binary predictors, 28 which were coded as 0 or 1. Model performance was assessed with the Hosmer-Lemeshow test for the goodness of fit. Six subjects in the Sapphire study did not have a TIMP2•IGFBP7 test result at the time of enrollment, and therefore, test results from the second collection scheduled 12 hours after enrollment were used for these subjects.
Statistical analyses were performed using R 3.1.0. 29 For all analyses, two-sided values of p < 0.05 and one-sided values of p < 0.025 were considered statistically significant. Categorical variables were analyzed using Fisher's exact test, χ 2 test, or logistic regression. All biomarker performance statistics (AUC, sensitivity, specificity, and relative risk) were calculated as empirical estimates, and their confidence intervals (CIs) were obtained by bootstrap analysis.
RESULTS
Baseline Characteristics
In the Sapphire and Topaz trials, there were 247 and 128 surgical patients, respectively, and these were combined to form the analysis cohort of 375 patients (Fig. 1) . Baseline characteristics for all patients are provided in Table 1 and are shown separately by study in the supplemental appendix (see Supplemental Digital Content 1, http://links.lww.com/TA/A693). Patients developing AKI had higher baseline creatinine and tended to have more comorbidities but were otherwise similar to patients without AKI. Patients in both trials had similar baseline characteristics with regard to both acute severity of illness (Acute Physiology and Chronic Health Evaluation [APACHE] III score without the renal component) and chronic disease burden. However, there were more diabetic patients in Sapphire (31% vs. 20%) and more emergency surgery patients (37% vs. 22%) and nephrotoxic medication use (88% vs. 74%) in Topaz. The overall rate of moderate to severe AKI within 12 hours of sampling was slightly higher in Topaz (12.5%) compared with that in Sapphire (7.7%), but this difference was not statistically significant. The 12-hour incidence of moderate-to-severe AKI was 9% (35 of 375 patients) for the pooled surgical cohorts (Fig. 1) .
Biomarker Performance
Urinary TIMP2•IGFBP7 performed well in detecting those subjects who developed moderate to severe AKI within 12 hours of sample collection (Figs. 2-3 ). As reported previously for heterogeneous (medical and surgical) cohorts of critically ill patients, 22, 30 when the prespecified cutoff TIMP2•IGFBP7 value of 0.3 was used, the sensitivity of the test was 89% (95% CI, 77-97), with an accompanying specificity of 49% (95% CI, 43-54), a positive likelihood ratio of 1.72 (95% CI, 1.44-2.01), and a negative likelihood ratio of 0.24 (95% CI, 0.06-0.49) (see Supplemental Digital Content 1, http://links.lww.com/TA/A693, for additional details). Patients with urinary TIMP2•IGFBP7 test values greater than 0.3 had more than six times the risk for AKI compared with those with a test value at or below the 0.3 cutoff. Put another way, when the TIMP2•IGFBP7 result is less than or equal to 0.3, only one in 42 surgical patients (2.4% absolute risk) will develop moderate or severe AKI within the next 12 hours. At the prespecified test cutoff of 2.0 (again as was the case in heterogeneous cohorts of critically ill patients), 22, 30 the test specificity improves to a very robust 94%, with a positive likelihood ratio of 6.8 (95% CI, 3.5-12.7) and a substantial increase in risk (full operating characteristics at various cut points are shown in Supplemental Digital Content 1, http://links.lww.com/TA/A693).
The strong performance of this urinary TIMP2•IGFBP7 test was observed in the surgical cohorts of each individual study as well as when the patients from both cohorts are combined (Figs. 2-3 ). This is demonstrated by the AUC (95% CI) for the Sapphire In comparison, neither urine output nor serum creatinine predicted the development of AKI during the same period as well.
Of note, the cohorts were not heterogeneous, as evidenced by the heterogeneity tests for the AUCs between Sapphire and Topaz: Higgin's I 2 = 29%; Cochran's Q statistic for measuring heterogeneity is not significant (p = 0.23).
As shown in Figure 2 , test characteristics vary somewhat, but remain robust, across different subgroups (cardiac/noncardiac and emergent/elective). A multivariate clinical model was created using a stepwise selection from all the variables in Table 1 that were associated (p < 0.1) with the primary end point. This model was created with and without the inclusion of the biomarker test results. With the addition of the biomarker, the model's ability to predict moderate-to-severe AKI increased, as shown by an increase in the AUC-ROC from 0.77 to 0.88 (p = 0.01) (Fig. 3) .
To provide further assessment of the ability of the biomarker to enhance clinical risk prediction, we performed IDI and cfNRI analyses as described in Table 2 . The addition of the biomarker to the clinical model resulted in a significant increase in overall ability to predict AKI: IDI = 0.15 (0.09-0.21), p < 0.001; and cfNRI = 0.95 (0.59-1.30), p < 0.001 (Table 2 ) (see also eFigure 1 in Supplemental Digital Content 1, http://links.lww.com/TA/A693).
DISCUSSION
To our knowledge, this is the first report using the cell cycle arrest biomarkers TIMP-2 and IGFBP7 to predict the development of moderate-to-severe AKI in a large cohort of heterogeneous, critically ill, postoperative surgical patients. In our study, we used a single measurement of urinary TIMP2•IGFBP7 soon after ICU admission and found an AUC-ROC of 0.84 for development of moderate-to-severe AKI within 12 hours. Using a prespecified cutoff value of 0.3, we found sensitivity and specificity of 89% (77-97%) and 49% (43-54%), respectively; using a prespecified cutoff value of 2.0, we found sensitivity and specificity of 40% (23-57%) and 94% (92-96%). We have demonstrated reassuringly robust performance of a new biomarker test in the prediction of an important clinical outcome and further shown that it is able to significantly enhance clinical risk prediction techniques alone. Importantly, we have also shown that the results of this test remain robust in cardiac and noncardiac surgery and in elective as well as emergent surgery.
Recently, Meersch et al. 31 examined the sensitivity and specificity of TIMP2•IGFBP7 for AKI (stage 1 or greater) in a group of patients undergoing cardiac surgery. These investigators found a sensitivity of 0.92 and a specificity of 0.81 for a cutoff value of 0.5 (AUC-ROC of 0.84) using the highest urinary TIMP2•IGFBP7 concentration achieved in the first 24 hours following surgery (composite time point). However, here we report the performance of the test in surgical patients when it is used as a single measure at or near the time of ICU admission to predict the development of moderate-to-severe AKI in the next 12 to 24 hours. This may provide context to clinicians who wish to use the test to help in deciding the immediate care plan for patients in their surgical ICU practice.
The performance of AKI biomarkers can sometimes be diminished in the presence of chronic disease states and also in circumstances where there is activation of the inflammatory cascade. [32] [33] [34] [35] [36] [37] [38] [39] However, TIMP2•IGFBP7 seems to retain its performance in this surgical cohort and also specifically in the cardiac surgery subgroup (Fig. 2) . Current mechanistic thinking in AKI is moving toward the concept of AKI as a secondary injury occurring as danger-and pathogen-associated molecular pattern (DAMP, PAMP) molecules are delivered to the renal tubule via both glomerular filtration and the bloodstream. 37 These molecules are detected by pattern recognition receptors on the tubular cell surface where they signal a number of cell responses including alterations in cell cycle progression. When prolonged, cell cycle arrest may lead to senescence and/or apoptosis. However, cell cycle arrest is, itself, a protective mechanism that prevents cells from dividing when they may be injured. The fact that these biomarkers perform so well in surgical patients, and that they are seemingly robust to type and urgency of surgery, suggests that this mechanism of AKI is determined much more by the host response to stress rather than by the type of operation itself.
Both TIMP2 and IGFBP7 have been implicated in the G 1 cell cycle arrest phase noted to occur during the very early stages of cellular stress. [38] [39] [40] [41] Specifically, it has been shown that renal tubular cells go through this G 1 cell cycle arrest phase following stress because of a variety of insults. 42 In surgical patients, including those undergoing a period of cardiopulmonary bypass, it is reassuring that these markers perform well given the involvement of the innate immune system as a fundamental part of the host response to environmental (surgical) stress. 43, 44 It is reasonable therefore to suggest that biomarkers whose physiologic origin is in the pathways modulating this response might prove useful as predictors of outcome in this patient population. TIMP2 and IGFBP7 are both implicated in cell cycle arrest and signal transduction during innate immune activation, and as such, it is not surprising that they apparently perform better than previously described biomarkers in surgical patients. In addition to TIMP-2 and IGFBP7, a host of other AKI biomarkers has been previously investigated within the context of surgery. [45] [46] [47] [48] [49] [50] The majority of these studies have been conducted in post-cardiac surgery patients, 45 ,48 the most comprehensive being the National Institutes of Health-sponsored TRIBE AKI trial wherein multiple AKI biomarkers were tested in more than 1,200 post-cardiac surgery patients. 47 These studies have demonstrated that plasma NGAL, urinary NGAL, and urinary IL-18 all performed modestly well in the prediction of AKI, with AUC-ROC values between 0.67 and 0.74. When the biomarkers were added to a clinical model, its performance improved to 0.73 to 0.76. These results are consistent with other cohorts of cardiac and noncardiac surgery patients.
Our study has several limitations. First, our limited sample size only permits exploratory analysis within different surgical subgroups, such as those undergoing cardiac or noncardiac surgery. Second, although consistent with other reports, our overall event rate does not permit large multivariate analyses that may uncover the contribution of other important risk factors such as blood transfusion, fluid administration, or different hemodynamic management strategies. These questions are the focus of our ongoing studies. Despite these limitations, we believe that our data provide busy clinicians caring for surgical patients with reassuring evidence that the TIMP2•IGFBP7 test is able to improve their clinical decision making in the context of AKI risk assessment and stratification. In the future, it will be important to demonstrate which clinical interventions and therapeutic maneuvers are associated with good (and bad) outcomes in patients stratified by biomarker test results. If confirmed in prospective trials, these candidate interventions may then be considered therapeutic goals in patients classified as high risk.
CONCLUSIONS
We have previously shown that the TIMP2•IGFBP7 test accurately identifies a cohort of critically ill adult patients who are at increased risk for developing AKI within the subsequent 12 to 24 hours. Here we provide evidence that this finding is just as accurate, in fact more so, in surgical patients. This is important both because of unique exposures and the presence of several potentially modifiable risk factors in this patient population. Future interventional trials focused on AKI prevention using urinary TIMP2•IGFBP7 as an early marker of renal cellular stress are warranted. 
